We introduce a ''structure minimization'' technique to resolve the azimuthal ambiguity of 180 , intrinsic in solar vector magnetic field measurements. We resolve the 180 ambiguity by minimizing the inhomogeneities of the magnetic field strength perpendicular to the magnetic field vector. This relates to a minimization of the sheath currents that envelope the solar magnetic flux tubes, thus allowing for more space-filling and less complex magnetic fields. Structure minimization proceeds in two steps: First, it derives a local solution analytically, by means of a structure minimization function. Second, it reaches a global solution numerically, assuming smoothness of the magnetic field vector. Structure minimization (i) is disentangled from any use of potential or linear force-free extrapolations and (ii) eliminates pixel-to-pixel dependencies, thus reducing exponentially the required computations. We apply structure minimization to four active regions, located at various distances from disk center. The minimum structure solution for each case is compared with the ''minimum energy'' solution obtained by the slower simulated annealing algorithm. We find correlation coefficients ranging from significant to excellent. Moreover, structure minimization provides an ambiguity-free vertical gradient of the magnetic field strength that reveals the variation of the magnetic field with height. The simplicity and speed of the method allow a near real-time processing of solar vector magnetograms. This task was not possible in the past and may be of interest to both existing and future solar missions and ground-based magnetographs.
INTRODUCTION
Recent advances in ground-based polarimetry now permit the acquisition of high-quality vector magnetograms of the active region solar photosphere on a routine basis. Magnetographs record the four Stokes profiles along a finite wavelength range that includes one or more magnetically sensitive spectral lines. The components of the photospheric magnetic field vector are reconstructed from these Stokes parameters along and perpendicular to the observer's line of sight via analysis of line formation in the presence of magnetic field (Zeeman effect). The two measured magnetic field components are the longitudinal (along the line of sight) and the transverse (perpendicular to the line of sight), determined from circular and linear polarization, respectively. While the longitudinal magnetic field is unambiguously determined, the azimuth angle of the transverse magnetic field is ambiguous, with two possible values differing by 180 . This is because the properties of the Zeeman effect remain invariant under the transformation ! þ , where is the azimuth (Harvey 1969) . If the observed active region is located at some distance from the center of the solar disk, then the ambiguity of 180 (hereafter -ambiguity) affects significantly all components of the heliographic magnetic field vector. Moreover, the difference between the two possible azimuth solutions becomes variable and different from . As a result, some procedure must be used to determine the correct value of the azimuth at each location and hence to permit an ambiguity resolution over the field of view.
Resolving the -ambiguity constitutes an ill-defined problem. The available information is both insufficient and susceptible to numerous errors and uncertainties. First, vector magnetic field observations are obtained at only one height in the solar atmosphere (usually the photosphere). Observations involving simultaneous magnetic field measurements in (at least) two well-separated heights are yet to be obtained. Simultaneous information at two different heights in the solar atmosphere would allow, for example, the calculation of all possible values of the vertical gradient @B z =@z of the vertical magnetic field B z . The possible values of the divergence H G B of the magnetic field vector B would then be calculated. By virtue of the divergenceless condition, the -ambiguity would then be resolved by choosing the solution that minimizes H G B j j. Second, even in single-height magnetic field observations there are several problems, such as noise in the measurements of the Stokes profiles, limited spatial resolution, the problem of scattered light, and others. Noise and uncertainties in the observed Stokes profiles, especially in the case of low magnetic flux, propagate into the inferred components of the magnetic field through the inversion procedure. To account for the various effects, numerous inversion codes have been developed (see, e.g., Sánchez Almeida 1997; SocasNavarro & Sánchez Almeida 2002 and references therein). Moreover, the photospheric magnetic field is known to exhibit a filamentary structure, with kilogauss fields confined in elemental flux fibrils with widths of the order 100-200 km or less (see, e.g., Parker 1979) . Coarse spatial resolution may result in a serious underestimation of the magnitude of the magnetic field components because of the existence of a low, crudely estimated, filling factor (see, e.g., Klimchuk & Canfield 1994; Lites, Martinez Pillet, & Skumanich 1994) . The presence of mixed polarities within a single resolution element may also seriously underestimate the magnitudes of the magnetic field components. On the other hand, in regions of very strong fields, such as the sunspot umbrae, the intensity is low in the magnetically sensitive spectral line. This can lead to a false polarization signal that further impacts the inferred magnetic field components.
The only spectroscopic method to resolve the -ambiguity was introduced by degl 'Innocenti & Bommier (1993) . They suggested that observations in a pair of spectral lines with different sensitivity to anisotropy in the radiation field could be used to provide the correct azimuth solution. Their method has never been tested observationally. Gradients and mass flows in real solar magnetic structures are likely to produce distortions in the Stokes spectra that would mask the desired signal. As a result, all other ambiguity resolution methods focus on other principles and externally chosen criteria. A common practice is to match the observed field to one that is presumed to have a low value of free energy. Minimal free energy generally implies smoothness of some property of the observed magnetic field, such as the electric current density, for example. In this case, smoothness is achieved by minimizing the spatial derivatives of the magnetic field components. Because the magnetic field vector is usually measured at a single height, only the horizontal field derivatives can be directly calculated from observables. Inference of the vertical field derivatives has to rely on assumptions and theoretical modeling of the observed magnetic field configuration.
A large class of the early ambiguity resolution techniques focused on minimizing the total electric current density. Harvey (1969) and Sakurai, Makita, & Shibashaki (1985) minimized the difference between the observed magnetic field vector B and a current-free (potential) magnetic field B p . The transverse components of the calculated potential field were derived using the observed photospheric longitudinal field as the required boundary condition to the current-free model (Schmidt 1964; Semel 1967) . Since the potential field is an approximation of zero free energy, it is often unrealistic in describing actual solar active regions. Subsequent workers (e.g., Krall et al. 1982 ) focused on approximating the observed magnetic field vector to a linear force-free field B A . Again, the transverse components of the calculated force-free field were derived using the observed longitudinal field as the boundary condition (Alissandrakis 1981; Seehafer 1982; Semel 1988; Gary 1989 ). The linear force-free approximation is less restrictive than the potential approximation in that it allows nonzero currents and hence nonzero (although minimum) free energy. Nonetheless, even this approximation is unrealistic in the case of complex active regions characterized by strong shear. It has the further problem that the best value of the force-free parameter must be selected prior to the ambiguity resolution, yet the correct field must be known in order to assess the best force-free parameter. Another concern is that the linear force-free fitting of a given photospheric magnetogram is a mathematically overdetermined, and hence illdefined, problem when the horizontal field is known. This defect could probably be remedied by satisfying the boundary condition in a statistical sense, e.g., by means of a leastsquares analysis (Kress 1987) . This technique has never been applied to actual solar data. Related approaches to resolve the -ambiguity by minimizing the spatial components of the field include the continuity method of Aly (1989) , the ''acute angle'' method of Cuperman, Li, & Semel (1992) , and the ''uniform shear'' method of Moon et al. (2003) . For a detailed discussion on the various ambiguity resolution techniques see the review of Wang (1999) .
A second class of ambiguity resolution techniques focused on minimizing the magnitude of the divergence of the magnetic field vector. included the vertical field gradients in order to minimize the field divergence, while attempted to calculate the vertical gradient of the magnetic field strength, under the explicit assumption of a force-free equilibrium. Using the general concept that the magnetic field should decrease with height, they attempted to resolve the -ambiguity using the inferred vertical gradient. These methods were never applied to solar vector magnetograms, but only to analytical force-free configurations. Moreover, Leka & Metcalf (2003) showed that the observed and force-free vertical field gradients are generally inconsistent.
Other ambiguity resolution methods use a combination of the above concepts. Canfield et al. (1993) developed a multistep technique that (i) approximates the observed magnetic field to a potential, or linear force-free, solution, (ii) utilizes Aly's (1989) conformity method, and (iii) minimizes the absolute value H G B j j of the divergence of the magnetic field vector, or the calculated vertical current density, depending on the existence of strong or weak magnetic fields. The ''energy minimization'' method of Metcalf (1994) defines a ''pseudoenergy'' E ¼ H G B j jþJ , where the magnitude J of the electric current density J, as well as H G B j j, is calculated using potential or linear force-free approximations. The final solution is the one that globally minimizes the pseudoenergy E. Gary & Démoulin (1995) proposed a multistep consistency method that models the observed vertical current density in an active region by means of an ensemble of pseudocurrent sources. Starting from an initial potential extrapolation, they minimize the integral of the modeled parameterized current density. This eventually provides a solution for the -ambiguity. All the above methods are applied to the heliographic plane. For the various derivatives to be calculated, a given magnetogram has to be rotated to disk center first. To accomplish this, one uses the matrix transformation introduced by Gary & Hagyard (1990) .
The wide variety of techniques proposed to resolve the -ambiguity reveals the complexity and the nontrivial nature of the problem at hand. Aside from the above physical concepts, there are several practical issues regarding the implementation of these concepts. When one uses quantities such as the divergence H G B of the magnetic field or the current density H Â Â Â B to find the correct azimuth solution at a given location on the heliographic grid, then the magnetic field components of this location's adjacent grid points are involved in the inferred derivatives. This means that the azimuth solution at one point affects the respective solutions at neighboring grid points. An error in the azimuth solution may subsequently propagate across the field of view because of interpixel dependencies. Calculating all the possible combinations of the ambiguous derivatives in a typical magnetogram is an enormous, impractical undertaking. Another source of problems is that unless potential or force-free extrapolations are employed, only the z-component of the current density can be calculated and the divergence H G B cannot be calculated. In particular, Metcalf's (1994) energy minimization method uses potential or linear force-free extrapolations and calculates any realistic combination of the various derivatives for each grid point, prior to using a combinatorial minimization procedure to minimize both H G B j j and J at the same time. The minimization uses a simulated annealing algorithm that has the advantage of finding the true global minimum, but at the cost of a very slow convergence. As a result, the total computing time required for the azimuth resolution is significant, especially when a time series of vector magnetograms is to be analyzed.
In this study we introduce a new concept for resolving the -ambiguity. We focus on those field quantities that are measured unambiguously. We do not restrict electric currents to be field aligned, but we seek to minimize the magnetic field inhomogeneities across the magnetic field lines. This constraint provides an expression for the vertical gradient of the magnetic field strength. We analytically obtain a local (i.e., free from interpixel dependencies) solution of the -ambiguity and we numerically assess a global solution for the entire active region, by assuming smoothness of the magnetic field vector. Our assumptions of minimum cross field inhomogeneities and smooth magnetic fields point to a desired solution with minimum complexity, or ''structure,'' of the magnetic field vector. Hence, our ambiguity resolution method is essentially a ''structure minimization'' method.
The paper is structured as follows: In x 2 we develop the structure minimization concept and describe a practical algorithm to implement it. In x 3 we resolve the -ambiguity in a number of solar active regions located at various distances from disk center and compare our results with those of the energy minimization method of Metcalf (1994) . In x 4 we summarize and discuss our practices and our findings.
THE STRUCTURE MINIMIZATION METHOD
Practically every ambiguity resolution technique attempts to constrain the form of the electric current in an active region. This constraint may be explicit, in matching the azimuth to a current-free or force-free model, or implicit, in using one of the above theoretical models to calculate an otherwise unknown quantity, such as the divergence of the magnetic field vector. We seek to avoid these artificial limits. To achieve this goal, we focus on quantities that are free from any ambiguity: the magnetic field strength B, for example. Regardless of the position of an active region on the solar disk, B is given by B ¼ ðB
, where B l and B tr are the measured longitudinal and transverse field, respectively. The magnitudes of B l and B tr are unambiguous, so B is unambiguous. The plan of x 2 is as follows: In x 2.1 we derive various components of the electric current density and minimize the cross field magnetic inhomogeneities, thus obtaining an expression for the vertical gradient of the magnetic field strength. In x 2.2 we describe an analytical resolution of the -ambiguity based on a structure minimization function. This function eliminates pixel-to-pixel dependencies, thus producing analytically a local azimuth solution. In x 2.3 we reach a global (final) solution of the -ambiguity by applying suitable numerical techniques to the local solution derived in x 2.2. These techniques assume smoothness of the resulting magnetic field vector and apply differently to different active regions, depending on their distance from disk center.
Perpendicular Electric Current Density and the Vertical Field Gradient
For a given magnetic field vector B, the electric current density J is given by Ampere's law
where the time variability of the electric field has been neglected. The magnetic field vector can also be written as B ¼ Bb, where B is the magnetic field strength andb ¼ ðB=BÞ is the unit vector along the magnetic lines of force.
Substituting this expression into Ampere's law, equation (1), we decompose the electric current density J into two components, namely, J ¼ J v þ J s , where
J s is purely perpendicular tob and depends on the gradient HB of the magnetic field strength. Complex magnetic fields with strong inhomogeneities across the magnetic field lines give rise to strong current densities J s , so J s can be called the ''inhomogeneity'' current density. On the other hand, J v includes both a field-aligned component J v k and a component J v ? perpendicular tob and is related to the twist of the magnetic field lines (see also Zhang 2001) . Therefore, J v can be called the ''helical'' current density. J s does not represent the total perpendicular current density. This is given by J ? ¼ J v ? þ J s . In force-free fields, J ? ¼ 0 and thus J ¼ J v k . In potential fields, J ¼ 0, but in principle J v 6 ¼ 0 and J s 6 ¼ 0. For a given vector magnetogram, we can only calculate the z-component J z , or J v z , J s z independently, unless additional assumptions are used.
Focusing on the inhomogeneity current density J s , we notice that the only unknown quantity that precludes a full knowledge of the vector is the partial vertical gradient @B=@z of the magnetic field strength. A simple expression for @B=@z can be obtained under the assumption that J s has a minimum magnitude, constrained only by its z-component J s z . As shown by equation (2), J s z is calculated directly by observables, i.e.,
where b i ¼ B i =B, i fx; y; zg are the relative (normalized) magnetic field strengths along x, y, z and the components ofb. The minimization of J s is trivial and can be performed analytically. We obtain a minimum inhomogeneity current density J s min , equal to
where B h is the horizontal magnetic field, when
The derived vertical gradient ð@B=@zÞ
We resolve the -ambiguity using the vertical component J s z of the inhomogeneity current density J s (eq. [3]) and the minimum structure vertical field gradient ð@B=@zÞ 0 (eq.
[5]). Both are directly calculated by observables. The only derivatives involved in equations (3) and (5) are the horizontal derivatives of the magnetic field strength B, which are ambiguity-free since B is ambiguity-free. Therefore, the number of possible solutions for J s z and ð@B=@zÞ 0 at each location reduces to two, depending only on the two ambiguity states for b x , b y , and b z . If one uses only ð@B=@zÞ 0 and J s z to resolve the -ambiguity, then one eliminates pixel-to-pixel dependencies, so the azimuth solution at a given location is completely independent from the respective solution at any other location of the heliographic grid. In case interpixel dependencies are allowed in a magnetogram of N pixels, then one has to examine a total number of 2 N possible solutions of a given function in order to resolve the -ambiguity. In the structure minimization method, the number of possible solutions reduces to 2N. It is evident that using only ð@B=@zÞ 0 and J s z allows one to reduce dramatically the computation required to resolve the -ambiguity.
Local Ambiguity Resolution via a Structure Minimization Function
Our concept for the resolution of the -ambiguity is to allow distributions of magnetic fields and current densities that only invoke derivatives of ambiguity-free quantities. The derivation of the inhomogeneity current density and the minimum structure vertical field gradient strictly in terms of the horizontal derivatives of the magnetic field strength suggests that these are ideal components of a function that can be used in the analysis. The next step is to define this suitable function of ð@B=@zÞ 0 and J s z . This function, say, F , will have two possible solutions at each location, independent from the solutions of F elsewhere in the active region. The preferred azimuth solution will be the one that minimizes F , thus minimizing the structure and complexity in the active region.
A well-established viewpoint for solar magnetic fields dictates that the magnetic field strength should decrease with height in the solar atmosphere. This notion is explicitly formulated into any force-free approximation of solar magnetic fields. However, in the case of complex, forced magnetic configurations on, or close to, the solar photosphere, a positive @B=@z cannot be ruled out. For actual solar magnetic fields one might expect a negative @B=@z where the magnetic topology is closer to a force-free equilibrium and the shear is generally small. The cross field inhomogeneities of the magnetic field concentrations in these areas should also be small, and hence inhomogeneity currents should be minimal. Such areas are the sunspots of an active region. For minimal inhomogeneity currents, ð@B=@zÞ 0 provides a good estimation of @B=@z, and hence one might expect that ð@B=@zÞ 0 < 0 in sunspots. To confirm the validity of this hypothesis, one may choose an active region located close to disk center (so that the longitudinal magnetic field almost coincides with the vertical magnetic field) and apply potential or linear force-free extrapolations satisfying the boundary condition for B z . Then one will notice that all well-defined sunspots correspond to mostly negative ð@B=@zÞ 0 . For the observed magnetic fields, equation (5) (1) and (2) correspond to the two ambiguity solutions. Remarkably, the expected orientation of the sunspot magnetic fields is reproduced when one chooses the azimuth solution for which ð@B=@zÞ 0 < 0. On the other hand, one cannot claim that ð@B=@zÞ 0 < 0 or @B=@z < 0 in complex areas with strong shear, such as the magnetic canopy between the sunspots of emerging flux regions (Lites, Skumanich, & Martinez Pillet 1998) , or in plage areas. In a recent study that utilized nearly simultaneous photospheric and chromospheric magnetic field measurements, Leka & Metcalf (2003) showed that the measured total vertical field gradient dB/dz was generally negative in the sunspot umbrae, but it could be positive in penumbrae and plage areas. This result stands in qualitative agreement with previous studies (Westendorp Plaza et al. 2001; Eibe et al. 2002) . For plages, however, it is well documented both theoretically (Schüssler 1986 ) and observationally (Bernasconi, Keller, & Stenflo 1994; Sánchez Almeida & Martinez Pillet 1994) that the magnetic field vector is almost normal to the photospheric plane. Martinez Pillet, Lites, & Skumanich (1997) have shown that the zenith angle of the magnetic field vector in plages is 10 or less. They also argue that measurements of improved accuracy may result in even smaller zenith angles. In the context of the structure minimization method these results imply that the inhomogeneity current density J s ?b should be almost purely horizontal in plages. This further implies that J s z j j ' 0 for plage magnetic fields. The above insight for ð@B=@zÞ 0 and J s z allows us to construct a qualitative structure minimization function F . This function must be able to discriminate between the various magnetic features in an active region. In sunspots, F should compare the two solutions for ð@B=@zÞ 0 and choose the minimum [negative in the case ð@B=@zÞ 
> 0, which might well be the case in sunspots far from disk center, F should choose the solution with the largest amplitude, when both solutions are negative, or the solution with the smallest amplitude, when both solutions are positive. In plages, F should compare the two solutions for J s z j j and choose the minimum. In all other areas of an active region, F should compare the same combination between ð@B=@zÞ 0 and J s z j j and should choose the one that minimizes the overall complexity of the magnetic configuration, i.e., the one that encompasses both a minimum and a low-lying (mostly horizontal) inhomogeneity current density.
The above considerations lead to a weighted function F with the form
where ! g and ! s ¼ 1 À ! g are the two weighting factors. There are two possible values of F at each location, i.e., F (1) and F (2) . The comparison between F (1) and F (2) should be always restricted to the same combination of ð@B=@zÞ 0 and J s z j j, and thus ! g and ! s should be ambiguity-free. In sunspots, one should obtain ! g ' 1 and ! s ' 0. In plages, ! g ' 0 and ! s ' 1.
Several possible choices for ! g , ! s can be envisioned. For instance, one might think of an ambiguity-free combination of the two solutions b z ð1Þ , b z ð2Þ for the orientation of the magnetic field vectorb. This simplifies the recognition of plages, which have mostly vertical fields, but complicates the recognition of sunspots. Probably the best way to discriminate between sunspot and plage areas is by using the continuum intensity of an active region. Sunspots are easily recognized in continuum images, with an umbra having a low intensity, typically $15% of the quiet photospheric continuum, and a penumbra reaching $75% of this continuum (for a comprehensive review on sunspots see Solanki 2003 and references therein). Canopy areas show about 80%-85% of the quiet continuum intensity, while plages appear as very bright structures, close to the quiet continuum intensity. A more physical description of an active region can be obtained by converting the continuum intensities into brightness temperatures. Effects such as limb darkening, whose impact varies with the location of an active region, can then be corrected and removed automatically.
In the examples of x 3, the weighting factors ! g and ! s used in equation (6) are obtained by the inferred brightness temperatures. We use the following expressions:
where T b is the calculated brightness temperature and T b min and T b max are, respectively, the minimum and the maximum brightness temperature for strong-field regions. The regions of strong field are determined by the value of ; here is an expression of the instrumental sensitivity such as, say, the uncertainty in the measurement of the longitudinal and/or the transverse magnetic field component. For magnetic fields weaker than those satisfying the 1 threshold it is meaningless to apply any ambiguity resolution technique or to compare the results of any two techniques, as the magnetic field components are severely affected by noise. In equation (7), ! s is the normalized brightness temperature and ! g is the remainder of this normalization from unity. The normalization in equation (7) assumes that both sunspot(s) and plage(s) are present in the subject active region. If this is not the case, we use typical sunspot and plage brightness temperatures in order to set T b min and T b max , respectively. We resolve the -ambiguity locally by minimizing a weighted function F , given by equation (6), with the weighting factors given by equation (7). The form of F and ! g , ! s allow for the following remarks:
1. The derivative ð@B=@zÞ 0 is not enclosed in absolute values. Therefore, F may attain negative values, as well as positive. If both F -solutions F (1) , F (2) are negative, then we choose the solution that maximizes F j j. If both F (1) , F (2) are positive, then we choose the solution that minimizes F j j. 2. Both ! g and ! s are ambiguity-free, as desired. Therefore, we always compare the same combination of ð@B=@zÞ 0 and J s z j j. 3. In the sunspot umbrae, 0:8 P ! g P 1, while 0 P ! s P 0:2, so ð@B=@zÞ 0 determines the value of F . In the penumbrae, 0:5 P ! g P 0:8, while 0:2 P ! s P 0:5. In penumbral areas, therefore, both ð@B=@zÞ 0 and J s z j j play a role, although the emphasis is on ð@B=@zÞ 0 . In these areas we seek a solution that minimizes both terms, since the assumption of a negative ð@B=@zÞ 0 may break down (Leka & Metcalf 2003) . In plages, 0 P ! g P 0:1 and 0:9 P ! s P 1, so J s z j j determines the value of F .
From the Local to a Global Azimuth Solution
We have obtained an analytical, local solution of the -ambiguity, based on a weighted function F with two independent solutions F (1) and F (2) for each location on the heliographic plane. The ambiguity is resolved when choosing a solution F s ðx; yÞ at a given location (x, y) such that F s ðx; yÞ min fF ð1Þ ðx; yÞ; F ð2Þ ðx; yÞg. This tactic reduces the required computing time and eliminates the propagation of local errors in the azimuth selection. Both problems are of concern when one uses derivatives of ambiguous quantities. As we shall see in x 3.1 (Fig. 5 below) , the local solution works remarkably well, despite its independence from any extrapolation. Magnetic field extrapolations are the starting point of virtually every other ambiguity resolution technique. However, the local, analytical ambiguity resolution comes at a cost by introducing localized discontinuities and hence spurious electric currents in several cases and for a variety of reasons: (i) errors in the measurements of the magnetic field components that propagate into the heliographic field components and their derivatives; (ii) the structure minimization function F is only approximate, based on qualitative arguments; (iii) the assumption of a negative ð@B=@zÞ 0 may sometimes break down even in sunspot umbrae, where ! g =! s 3 1. Furthermore, a local solution of the -ambiguity overlooks the main goal of any ambiguity resolution technique, which is to reach the correct global azimuth solution by ensuring smoothness of the resulting magnetic field vector (and hence a minimum current/minimum free energy solution). The above problems limit the applicability of the structure minimization function. For this reason, we attempt to reach a global azimuth solution by subjecting the local azimuth solution to an adequate numerical analysis. Two different numerical procedures apply to the local solution, depending on the location of the active region on the solar disk. To determine whether an active region lies ''close to'' or ''far from'' disk center, we compare the term Áb ¼ jjbz ð1Þ jÀ jb z ð2Þ jj with 0.5 at each heliographic location with strong field (>1-2 ). Finding Áb > 0:5 implies mostly horizontal fields for the one ambiguity solution and mostly vertical fields for the other, which demonstrates that the given location is far from disk center (close to disk center, b z ð1Þ ' b z ð2Þ ).
To reach a global azimuth solution, we use the following numerical techniques:
1. A Jacobi-type, Gauss-Seidel relaxation process, applied to the local azimuth solution (see, e.g., Press et al. 1992, p. 653) . The rationale for applying this method is that the magnetic field vector on the plane of the observations is assumed to be smooth. This is not the case for photospheric magnetic fields, which are known to be filamentary, but it is assumed to be the case given the small width of the magnetic fibrils and the limited spatial resolution of the observing instruments. Quantifying the smoothness of the magnetic field vector, we assume that the azimuth angle satisfies Laplace's equation on the plane of the observations. This may seemingly appear as an ad hoc assumption. However, tests with the azimuth solutions obtained by various ambiguity resolution techniques show that À ' 0 for strong-field regions, where is the azimuth of the magnetic field vector at a given location and is the spatially averaged azimuth at this location's vicinity. The above equation is a numerical expression for Laplace's equation on the observations' plane, i.e., r
2 . This is our assumption for the global azimuth solution, which can be fulfilled by applying Jacobi relaxation to the local solution. Jacobi relaxation is an iterative process, applied until the azimuth configuration in strong-field (>1 ) regions converges to a final state below a prescribed fractional tolerance limit. It is also a method relying on boundary or initial values and hence it will not yield the desired result unless a reliable starting configuration is used. In x 3.1 we perform a test in which Jacobi relaxation is consecutively applied to the local minimum structure solution and to a potential initial guess for the same magnetogram. The final azimuth solutions differ in the plages of the active region. Jacobi relaxation is applied to active regions located not very far from disk center (jjb z ð1Þ j À jb z ð2Þ jj < 0:5), where the two azimuth solutions are very different. Far from disk center, especially in plages, the two azimuth solutions may be similar, so the process may easily switch from the one solution to the other, thus leading to spurious currents. Jacobi relaxation is impractical in most cases because it converges too slowly. The number of iterations required is of the order L 2 , where L is the size of the grid. Our problem, however, includes two key features: (i) there is a reliable starting value for most locations on the grid, namely, the local minimum structure solution; and (ii) there are only two possible solutions for the azimuth, so any smoothed configuration is approximated with the closest values of the observed azimuth. These features help achieve convergence significantly faster, typically within ð2 3Þ Â 10 3 iterations for a 512 Â 512 image grid.
2. A pattern recognition method, applied to the local solution of the vertical magnetic field. This procedure is applicable both close to and far from disk center, although its impact is obvious only far from disk center. Close to disk center, B z ð1Þ ' B z ð2Þ , so localized erroneous azimuth selections are not discernible on the resulting map of B z . Far from disk center, however, and especially in plages, one can recognize the ''noise'' in the local solution by inspecting the corresponding map of B z . ''Noise'' is to be meant as a random mixing of the two solutions for B z , seen as ''salt'' or ''pepper'' structures superposed on a B z < 0 or a B z > 0 plage, respectively. As a result, false horizontal fields or even dipolar structures are seen in unipolar plages with mostly vertical magnetic fields. To improve the local minimum structure solution, we identify the vertical magnetic field patterns using the algorithm of Lee (1986) . The Lee technique uses a filter with width l and generates local neighborhood statistics in a box with size 2l þ 1. These statistics are compared with the expected values, thus switching the unwanted values of the vertical field. The filter is applied iteratively and with various widths, until the ''salt'' or ''pepper'' noise is removed. Typically, the process is complete after a few, to a few tens of, iterations. After the application of the filter on the vertical magnetic field, the azimuth solution is changed accordingly. This technique is complementary to the Jacobi relaxation, covering areas in which the latter cannot be used (i.e., plages far from disk center) because ð1Þ ' ð2Þ .
The local azimuth solution is derived on the heliographic plane, i.e., after rotating the magnetogram to disk center. This is accomplished using the transformations of Gary & Hagyard (1990) . Jacobi relaxation and the pattern recognition are applied to the local heliographic solution transferred on the image plane, rather than the heliographic plane, in order to save computing time (the heliographic grid is always more extended than the image plane grid, except at disk center where the two grids coincide). The entire ambiguity resolution process is fully automatic. The total computing time is of the order 10-20 minutes per magnetogram for a typical desktop workstation. The vector magnetograms that were processed with our structure minimization method were also processed with the energy minimization method of Metcalf (1994) . The total computing time for the simulated annealing algorithm is of the order of 1 to a few hours per magnetogram. The results of the two techniques are compared in x 3.
RESOLUTION OF THE -AMBIGUITY IN SOLAR ACTIVE REGIONS
We resolve the -ambiguity in photospheric vector magnetograms acquired by the Haleakala Stokes Polarimeter (HSP; Mickey 1985) and by the Haleakala Imaging Vector Magnetograph (IVM; Mickey et al. 1996) of the University of Hawaii. We include the HSP magnetogram of NOAA Active Region (AR) 5747, obtained on 1989 October 20, in order to compare our results with the results of Canfield et al. (1993) and Metcalf (1994) , who resolved the -ambiguity for the same region. The rest of the subject active regions were observed by the IVM. For each magnetogram, the IVM records the complete Stokes vector at each of 30 spectral points through the Fe i 6302.5 Å line. The inversion of the Stokes profiles is accomplished with an inversion code that includes LTE radiative transfer, magneto-optic effects (Landolfi & degl'Innocenti 1982) , and the filling factor of the unresolved flux tubes.
For both the IVM and the HSP, we fix 1 to a measured longitudinal field of 20 G and a measured transverse field of 40 G. These thresholds may be somewhat optimistic, and they do not correspond exactly to the instrumental uncertainties, especially for HSP (see, e.g., Leka et al. 1993) . Nevertheless, in the following we demonstrate the validity of the minimum structure solution even for weak magnetic fields with strength in the range 1-2 .
The structure minimization method will be applied to several active regions. The location of these active regions varies from close to very far from disk center. Our results are compared with the results of the energy minimization method (Metcalf 1994) to provide a measure of the agreement between the two techniques. The subject active regions are the following: The location and the exact heliographic coordinates (image center) of the above active regions are given in Figure 1 . AR 10030 is not far from disk center. AR 8592 is far enough from disk center for the image plane to deform significantly under the coordinate transformation. AR 8594 is very far from disk center. The eastern part of the active region will be excluded from the analysis because the coordinate transformation deforms the image plane severely. AR 8594 serves as an extreme example, to illustrate that our method works for active regions over most of the solar disk.
The normalized brightness temperatures for the four active regions are given in Figure 2 . The data shown in Figure 2 directly provide the values of the weighting factor ! s (eq. [7] ), while the weighting factor ! g is given by 1 À ! s ; that is, it corresponds to the images' ''negatives.'' We notice that AR 5747 and AR 10030 (Figs. 2a and 2b, respectively) are regions of immense complexity, whereas AR 8592 and AR 8594 (Figs. 2c and 2d , respectively) are simpler. These active regions consist of a number of well-defined sunspots and extended unipolar plage areas. Several small-scale pores, or ''azimuth centers'' (Keppens & Martinez Pillet 1996; Martinez Pillet et al. 1997) , can be seen in the IVM continuum images. Azimuth centers are features smaller than pores, with a size of a few arcseconds, and with a less conspicuous signature than pores in the continuum images. A few azimuth centers appear faintly in the plages of AR 10030 and AR 8592 (Figs. 2b and 2c, respectively). Azimuth centers have a slightly stronger magnetic field compared to the surrounding plage and an azimuth profile that spans over almost the entire range from 0 to 2. Azimuth centers are presumably the signatures of isolated, small-scale flux tubes that permeate the photosphere.
The Validity of the Local, Analytical Solution and the Impact of the Numerical Procedures
Before proceeding to the results for each case, we demonstrate the various steps of the structure minimization method. In Figure 3 we illustrate the impact of the Jacobi relaxation for sunspot magnetic fields. The subject is NOAA AR 10254, observed by the IVM on 2003 January 13. The location of the active region on the solar disk was S16 , E44 , as shown on the map in the upper left-hand corner of Figure 3a . Figure 3a shows the global solution for the vertical magnetic field on the image plane. A detail from Figure 3a , enclosed by the white rectangle, is magnified and depicted in Figure 3b , together with the vectors of the global solution for the horizontal magnetic field. The detail corresponds to the leading sunspot in the active region. Figure 3c shows the analytical, local solution for the detail, obtained after the minimization of function F (eq. [6]). Figure 3d shows the global azimuth solution for the detail, after the Jacobi relaxation is applied on the local solution of Figure 3c . Notice that the local solution is already remarkably close to the global solution, although no extrapolations have been used. Jacobi relaxation helps to eliminate localized inconsistencies and smooths the edges between areas of different azimuth solutions. In Figure 3e we depict the resulting vertical electric current density in the sunspot. The signature of the nearly radial sunspot magnetic fields is evident in the map of the current density. Areas such as the central part of the umbra show some spurious electric currents. This effect is common in sunspots: the noise in the umbra is enhanced because of the low intensity in the magnetically sensitive spectral line. This compromises the measurements of umbral magnetic fields and subsequently affects the calculation of the vertical current density. In the penumbra, the vertical current density is more smooth compared to the umbrae, although it also attains positive and negative values. Excluding instrumental errors and uncertainties that may be partially responsible for this effect, the appearance of both signs for J z within a single umbra may be due to the filamentary nature of the photospheric magnetic fields and the complexity of the penumbral structure (Leka & Metcalf 2003) . This may well give rise to strong azimuthal magnetic fields as a result of twisting and braiding of the flux fibrils (see, e.g., Lites & Skumanich 1990) . If these effects are, at least, partially resolved in a vector magnetogram, different areas in the penumbra should show different signs for J z if both senses of twist are present (see also the results of Semel & Skumanich 1998) .
In Figure 4 we demonstrate the impact of the pattern recognition filtering for plage magnetic fields. The subject is NOAA AR 8592, observed by the IVM on 1999 June 22. The location of the active region was N22 , E45
, also seen on the map in the lower left-hand corner of Figure 4a . The global solution for the vertical magnetic field on the image plane is shown in Figure 4a . A plage with a vertical field of several hundred gauss, enclosed by the white rectangle, is magnified and depicted in Figure 4b , together with the vectors of the global solution for the horizontal magnetic field. The local solution for the vertical magnetic field of the detail, obtained after the function F is minimized, is shown in Figure 4c . Despite the fact that the plage is easily recognized in Figure 4c , the local solution is noisy. The ''noise'' corresponds to the other solution for B z , which is very different because the active region is far from disk center. Jacobi relaxation cannot be applied to the plage because the two azimuth solutions are similar. Therefore, we apply a succession of filters with various widths (l ¼ 8, 6, 4, 2, and 1 pixels) to the local solution for B z . The final solution for B z is shown in Figure 4d . Evidently, the noise has been removed. The vertical current density for the global azimuth solution in the plage is shown in Figure 4e . Notice that J z in the plage is almost vanishing as a result of the vanishing horizontal magnetic field in plages (Lites & Skumanich 1990; Martinez Pillet et al. 1997) .
In Figure 5 we demonstrate that although Jacobi relaxation is an integral part of our ambiguity resolution technique, it may result in problems when a starting azimuth configuration is not appropriate. In Figure 5a we provide an initial guess by minimizing the difference between the observed azimuth and a potential field satisfying the heliographic vertical field on the image plane. The vertical field is given in the inset, on the center of Figure 5 . The subject is NOAA AR 10030. The active region is close to disk center (Fig. 1 ) so the two solutions for the heliographic vertical field are nearly identical. In Figure 5b we show the final azimuth solution, after applying the Jacobi relaxation to the azimuth of Figure 5a . In Figure 5c we show the local minimum structure solution, while the global minimum structure solution, obtained after applying the Jacobi relaxation, is given in Figure 5d . We notice the following:
1. The initial guess based on the potential extrapolation is clearly smoother compared to the local minimum structure solution. Nevertheless, the latter manages to capture the overall morphology of the global solution without any assistance from extrapolations. The fact that the local solution is purely analytical suggests that the physical and geometrical arguments used for its construction are reasonable and adequate. Because an analytical function is applied to observed data, localized inconsistencies are expected, as shown in Figure 5c . These inconsistencies are removed after applying the Jacobi relaxation.
2. The Jacobi relaxation applied to the potential initial guess leads to an erroneous solution in two plages in the active region. The plages are enclosed by ellipses and are labeled (I) and (II) in the inset, as well as in Figures 5b and 5d . In Figure 5b the plages exhibit two very different azimuth solutions, which leads to a spurious current along the line between the two solutions. The global minimum structure azimuth solution (Fig. 5d) is smooth, as is the map of the electric current density (see Fig. 10a below) .
In conclusion, Jacobi relaxation is important in the structure minimization method provided that an initial guess, or the local minimum structure solution, is reliable. Otherwise, Jacobi relaxation will fail to reach a reasonable global solution in at least a few areas of the active region. Notice also that in the context of our method it is not possible to apply potential or force-free extrapolations far from disk center to obtain an initial guess, since in these cases there are two very different solutions for the vertical field that lead to two very different initial azimuth configurations. The structure minimization method provides a unique, as well as valid, local solution.
Results

NOAA AR 5747
AR 5747 (Fig. 2a) was a dynamic region, characterized by very strong shear. It is a well-studied subject, in terms of photospheric current patterns and flaring activity (Leka et al. 1993) , vector magnetogram analysis and the resolution of the -ambiguity Metcalf 1994) , and the morphology of the overlaying coronal loops (McClymont & Mikic 1994) . Despite the significant nonpotentiality of the active region, one can verify that even a potential extrapolation provides an azimuth solution that is close to the final solutions of Canfield et al. (1993) and Metcalf (1994) . This is probably because of the coarse spatial resolution of the HSP ($5B66). We do not rely on extrapolations, so it is interesting to test our results with those of the above studies.
Some modifications are required in order to perform structure minimization in AR 5747. First, Jacobi relaxation should be applied with caution, if at all, since the dimensions of the HSP image plane are small compared to the HSP pixel size (the HSP image plane consists of 30 Â 30 pixels, much smaller than the IVM image plane consisting of 512 Â 512 pixels). Second, only small filter widths should be used in the pattern recognition because of the poor spatial resolution.
A comparison with the results of Metcalf (1994) is given in Figure 6 . Figure 6a depicts the minimum structure solution, while Metcalf's minimum energy solution is shown in Figure 6b . For this particular magnetogram, structure minimization requires a computing time of about 2 s because of the magnetogram's small number of pixels. By visual inspection, we note that the two azimuth solutions are quite similar, despite the very different methodologies employed. Differences between the two solutions include a small (1 pixel) azimuth difference in the umbra of the leading spot in the north and some localized differences in the following spot in the south. A more strict comparison between the results of the two ambiguity resolution methods will be attempted in x 3.2.5.
NOAA AR 10030
AR 10030 was an extended, very complex region, consisting of an ensemble of interacting sunspots of both polarities and of a number of strong-field plages (Fig. 2b) . The central part of the active region, mostly occupied by a sunspot of leading polarity, was rotating counterclockwise during the observations. The active region exhibits the expected asymmetric morphology, with the leading sunspot(s) being more compact and the following sunspot(s) being less organized and more fragmented. The western part of the active region gave rise to a strong X3 flare, recorded at about 20:00 UT on 2002 July 15. We use two magnetograms of the active region: one taken at 19:50 UT, just before the flare, and the other taken just after the event, at 20:21 UT. Figure 7 depicts the results of the ambiguity resolution. The left-hand column of images (Figs. 7a and 7c ) corresponds to the minimum structure solution, while Metcalf's minimum energy solution follows in the right-hand column of images (Figs. 7b and 7d ) for the two magnetograms, respectively. Despite the complexity, the agreement between the two methods is remarkable for both magnetograms, excluding some localized differences. Moreover, notice the consistency of the results for the two times, shown by both methods. The ambiguity resolution gives the expected vector orientations: Radial magnetic fields, oriented outward, correspond to the leading sunspots, while the magnetic field vector is oriented inward toward the following sunspot on the east. The rotation of the central leading spot is discernible in the orientation of the magnetic field vector. The plages of the active region show a smooth azimuth solution.
NOAA AR 8592
AR 8592 was a dispersed, quiescent region, consisting of two major sunspots, a number of smaller ones, and extended unipolar plage areas (Fig. 2c) . Despite its relative simplicity, AR 8592 is an interesting subject for testing an ambiguity resolution technique because it exhibits strong transverse magnetic fields and is located quite off disk center.
The results of the azimuth resolution for the magnetogram of 17:42 UT are given in Figure 8 . Figure 8a depicts the resolved vertical magnetic field with the horizontal magnetic field vector superposed for the structure minimization method, while the respective result of the energy minimization method is given in Figure 8b . By visual inspection we notice an excellent agreement between the two solutions. The magnetic field vector is radial and oriented outward from the main spots, whereas plages have a smooth azimuth solution (see also Fig. 4b ).
NOAA AR 8594
As in the case of AR 8592, AR 8594 was a dispersed, extended region, consisting of three major sunspots and large unipolar areas (Fig. 2d ) . This active region is also an interesting subject, both because it exhibits strong transverse fields and because it is located very far from disk center. In fact, the northeastern corner of the field of view has been left unresolved because the coordinate transformation yields extremely large sizes for the heliographic grid in this area.
We resolve the -ambiguity for two times, namely, at 20:11 and 21:51 UT (Fig. 9) . The minimum structure solution is given in the left-hand column of images (Figs. 9a and 9c) , while the minimum energy solution is given in the right-hand column of images (Figs. 9b and 9d ) . Notice the consistency of the azimuth solutions for the two times and for both ambiguity resolution techniques. Both methods appear to encounter some problems, however, in the plages at the extreme east. The similar ambiguity solutions for the azimuth and the largely different ambiguity solutions for the vertical magnetic field yield artificial bipolar regions, as shown primarily in the minimum energy solution and secondarily in the minimum structure solution. Just beyond these plages on the east, the image plane is severely deformed and hence excluded from the analysis. This extreme test with AR 8594 shows that structure minimization can be applied even to active regions located close to the solar limb. The only constraint is the size of the heliographic grid. For regions very close to the limb, this size diverges and thus structure minimization cannot be applied. To our knowledge, however, none of the existing ambiguity resolution techniques can give reliable results in such situations.
Quantitative Comparison between the Minimum Structure and the Minimum Energy Solutions
In all four subject active regions we visually noticed a remarkable agreement between the minimum structure and the minimum energy solutions (Figs. 6-9 ). An interesting problem is how to quantify the agreement between the two solutions. Simply correlating any result of the two ambiguity resolution techniques (azimuth, vertical, or horizontal field solutions) may be misleading because the solution at each pixel may obtain only two possible values. As a result, even in case two random combinations of these two possible values were compared, the correlation coefficient would be at least 25% (one match every 4 pixels). Moreover, using a linear (Pearson) correlation coefficient is not appropriate because such a correlation does not provide a significance level, so the degree of confidence in the value of any Pearson coefficient is unknown.
To compare the results of the structure minimization and the energy minimization methods, we focus on (i) the curl H Â Â Â B and (ii) the divergence H G B of the resulting magnetic field vector B. We compare the results for the vertical component (@B y =@x À @B x =@y) of the field curl and for the horizontal field divergence (@B x =@x þ @B y =@y) on the image plane. The calculation of these quantities from observables is straightforward. Moreover, these are the two quantities most sensitive to the ambiguity resolution. Even in case two methods disagree at only one location, the entire vicinity of that location will have very different values for the curl and the divergence of the field. In essence, we compare both the orientation of the resulting magnetic field vector and the magnitudes of the ambiguity-dependent field components. To correlate the results for the curl and the divergence, we use the Spearman rank correlation coefficient, which allows the calculation of the significance level for each correlation.
In Table 1 we show the Spearman correlation coefficients between the two results for the vertical curl and for the horizontal divergence of the resulting magnetic field vectors. Correlation coefficients for various -thresholds are shown, while an averaging over correlation coefficients obtained between 2 and 10 has provided the mean values in the lower sections. To further illustrate the validity of the minimum structure solution and its agreement with the minimum energy solution, we perform two tests: In the first test (test 1) the observed, unresolved magnetic field is compared with the minimum energy solution. In the second test (test 2) the ambiguity solution obtained using a potential initial guess is compared with the minimum energy solution. Both tests have been performed at a 3 threshold. For the complex AR 10030, test 1 gives a very poor correlation coefficient (0.02) for both the curl and the divergence of the field. The minimum structure and the minimum energy solutions correlate with coefficients 0.55-0.56 at 3 . The potential initial guess (test 2) gives correlation coefficients 0.44-0.48, which are significantly lower compared to the ones between the minimum structure and the minimum energy solutions. For the simple AR 8592, test 1 gives correlation coefficients 0.36-0.37 at 3 , which are very far from the calculated coefficients 0.88-0.89 between the minimum structure and the minimum energy solutions. Test 2 gives slightly lower correlation coefficients (0.86-0.87), which implies that a potential initial guess works well with the simple AR 8592, although not as well as the local minimum structure solution. For AR 8592 test 1 gives correlation coefficients 0.21-0.31. Test 2 gives coefficients 0.65-0.69, which, although significant, are clearly lower compared to the correlation coefficients 0.71-0.81 obtained between the minimum structure and the minimum energy solutions. In conclusion, it appears that a potential initial guess works reasonably well, even far from disk center (i.e., for AR 8592 and AR 8594). This should be attributed to two reasons:
(1) both AR 8592 and AR 8594 are relatively simple regions and (2) the pattern recognition improves the potential initial guess significantly. If one inspects the local minimum structure solution and the potential initial guess for both AR 8592 and AR 8594, then one will verify that the local minimum structure solution represents the global solution much better than the potential approximation. Calculation of the significance level for all correlations shown in Table 1 indicates that the correlations are very significant and that the shown values of the Spearman rank correlation coefficients are quite robust.
Comparing the correlation coefficients for the curl and the divergence, we note that they are nearly identical, with the coefficients for the divergence being very slightly higher. The correlation between the two solutions becomes very significant at 2 and above, that is, for a longitudinal field stronger than 40 G and for a transverse field stronger than 80 G. For AR 8592 and AR 8594 the agreement is almost excellent, with mean coefficients ranging between 0.73 and 0.85. For the complex AR 5747 and AR 10030 the correlation is significant, although not as striking (mean coefficients vary between 0.56 and 0.68). An interesting conclusion is that the quality of the correlations between the minimum structure and the minimum energy solution is not a function of the location of an active region (close to or far from disk center), but a function of the complexity of the magnetic fields in the active region. AR 10030 is close to disk center, and yet the agreement between the two solutions is more significant for AR 8594, which is very close to the limb but is much simpler compared to AR 10030. The dependence between the complexity in an active region and the quality of the correlation is probably expected, since structure minimization is completely disentangled from any ''assistance'' given by potential or linear force-free extrapolations. Considering that energy minimization by means of simulated annealing is rather slow, it is evident that structure minimization can be used for a systematic resolution of the -ambiguity, applied in almost real time, as solar magnetograms are acquired. Such a task was never thought possible in the past.
Aspects of the Minimum Structure Solution
Electric Current Density
The value of any ambiguity resolution technique depends on whether its results can be used for further study. As discussed in the previous section, one of the major quantities to be studied is the vertical component of the field's curl or, equivalently, the vertical electric current density J z . This is the only current density component that can be calculated directly by observables. The values of J z are so sensitive to the resolution of the -ambiguity that the smoothness of the resulting J z is often used as a measure of the success of the employed technique. In Figure 10 we show the vertical component of the electric current density for AR 10030 (x 3.2.2), AR 8592 (x 3.2.3), and AR 8594 (x 3.2.4). The resulting maps of J z are reasonable in all cases. In particular, we note the following: 1. The remarkable complexity in NOAA AR 10030 is reflected on the extended patterns of strong J z (Figs. 10a and  10b) . No artifacts, such as superficial ''current threads,'' can be seen in strong-field regions. These threads are signatures of a discontinuous azimuth solution. Sunspots can be identified by their current signatures, as also discussed in x 3.1. Plages have a smooth current pattern, disrupted only by the presence of azimuth centers, which are discernible as small, localized current ''bubbles.'' This current signature is expected for these small-scale features, given the fact that they are not fully resolved. Just beyond an azimuth center's (presumably an elementary flux tube) radius, the magnitudes of the magnetic field components and the magnetic filling factor drop significantly, thus creating the ''bubble'' at the locations of the largest field gradients. If azimuth centers were sufficiently resolved, then one would probably expect the current profile of a pore or even a sunspot. Let us emphasize at this point that a purely radial, axially symmetric magnetic field with infinite radius on the plane of the observations and with any height variation should have zero vertical current density. The fact that sunspots, pores, and azimuth centers are discernible from their current signatures suggests deviations from a purely radial configuration, departures from axisymmetry, and, of course, a finite radius.
2. The quiescence of NOAA AR 8592 can be seen in Figure 10c . The two sunspots and a number of azimuth centers are readily identified. Other than that, the current pattern is either a low-amplitude noise for weak (<1 ) regions or patches of very weak (almost vanishing) J z for strong-field plages. 3. In the current map of NOAA AR 8594 (Fig. 10d) we can easily recognize the three major sunspots. The current density J z within these sunspots is noisy, but it does not contain current threads, which implies that the global solution is smooth. The noise is to be attributed to the large distance of the active region from disk center, which allows errors due to projection effects to come into play. These errors in the magnetic field components subsequently affect the calculation of J z . By comparison with AR 10030 and AR 8592, AR 8594 gives the poorer results in terms of the vertical electric current density, which probably limits further uses of the resolved magnetogram. implies that ð@B=@zÞ 0 does not fully describe the partial vertical field gradient @B=@z, since @B=@z is ambiguity-free. This derivative is ambiguity-free just as @B=@x and @B=@y. If @B=@z was measured from simultaneous chromospheric and photospheric magnetic field measurements, then @B=@z would only depend on the magnitudes of the measured longitudinal and transverse magnetic field components for the two heights, which are unambiguous. In Appendix A we perform a detailed analysis on the ambiguity-free nature of @B=@z and obtain an approximate expression for it that corresponds to a minimum total inhomogeneity current density in the active region. This expression for a given location reads
where l is the chosen ambiguity solution for that location. Another term is added to the other (incorrect) solution ð@B=@zÞ
ðlÞ . Therefore, the structure minimization method helps in deriving an approximate expression for the ambiguity-free vertical magnetic field gradient. Knowledge of @B=@z can provide an insight on the variation of the magnetic field with height and an estimate of the magnetic scale height, given by B= @B=@z ð Þ ½ , where B is the magnetic field strength on the plane of the observations. These issues recently attracted considerable interest as the first reliable chromospheric vector magnetograms became available. In particular, Leka & Metcalf (2003) performed a careful, systematic comparison between photospheric and chromospheric magnetic fields in the old, decaying NOAA AR 8299. They found that the magnetic field strength generally decreases with height. A decrease is almost always the case in the umbrae, but B may increase or decrease with height in penumbral and plage areas. A striking result was the substantial increase of the statistical dispersion of the magnetic scale height distribution in the penumbrae, as opposed to a very narrow distribution of scale heights in the umbrae, centered at $1-2 Mm. It is of interest to briefly investigate how our calculated B= @B=@z ð Þ ½ behaves in various magnetic configurations in an active region.
Before performing the test, it is important to underline two major differences between our approach and the approach of Leka & Metcalf (2003) : First, they study an old, almost potential active region, whose simplicity and slow evolution compensate for various problems in the spatial and temporal alignment between the photospheric and the chromospheric magnetic fields. On the contrary, we perform the test in NOAA AR 10030, which is very dynamic and the seat of a strong flare. Second, Leka & Metcalf (2003) measured the total vertical field gradient dB/dz, while we calculate the partial vertical field gradient @B=@z. The passing from @B=@z to dB/dz is not trivial when only photospheric magnetic fields are available, and it requires the three components of the photospheric velocity field. As a result, the magnetic scale height B= dB=dz ð Þ ½ of Leka & Metcalf (2003) is not identical to our scale height B= @B=@z ð Þ ½ . Despite the above differences, it is important to investigate whether our analytical @B=@z gives results that qualitatively agree with the results of coupled photospheric and chromospheric observations. In other words, it is important to show whether the actual height variation of the magnetic field can be captured using solely photospheric observations and an analytical, rather than measured, vertical gradient of the magnetic field strength.
In Figure 11 we have defined four areas (A, B, C, D) in NOAA AR 10030 at 19:50 UT (see also Figs. 1, 2b, 5c, 7a , and 10a for various features and the resolution of theambiguity in the active region at 19:50 UT). Areas A, B, and C correspond to the three major sunspots in the active region, while area D encloses the plage with the strongest fields in the active region. The height variation @B=@z and the magnetic scale height B= @B=@z ð Þ ½ for the four areas are shown in the pairs of plots on the sides of the image.
From the plots of Figure 11 we reach the following results:
1. Statistically, @B=@z mostly decreases with height. The median values for @B=@z are À160, À43, and À20 G Mm À1 for the umbral, penumbral, and plage areas, respectively.
Umbrae are defined for a normalized brightness temperature T b =T b max P 0:6, while penumbrae and plages satisfy 0:6 P T b =T b max P 0:85 and T b =T b max k 0:85, respectively. The systematic tendency for negative @B=@z in the umbrae is also obtained here, although not as clearly as in the results of Leka & Metcalf (2003) . For several locations in the umbrae we obtain @B=@z > 0, possibly as a result of errors and uncertainties in the measurements and the calculations. A negative @B=@z in the umbra is obtained almost as a rule for sunspots A and C. The fragmented following sunspot B shows several cases in which @B=@z > 0. For the penumbrae and the plages, our results agree qualitatively with those of Leka & Metcalf (2003) , in that @B=@z can be positive in these areas, although it is centered at negative values. Considering the median values for @B=@z, we find that they are significantly lower compared to the values reported by Leka & Metcalf (2003) . This may be due to the large difference between the evolutionary stages of the two active regions (AR 8299 was very old and almost potential, whereas AR 10030 was very dynamic) or to the difference between @B=@z and dB/dz. 2. Regarding the magnetic scale height B= @B=@z ð Þ ½ , our results are also in qualitative agreement with the observations of Leka & Metcalf (2003) : The range of scale heights broadens dramatically in the penumbrae. The same conclusion stands for all sunspots A, B, and C with the effect most profoundly seen in sunspots B and C. For the plage D we notice the extremely wide scale height distribution concentrated in a very narrow brightness temperature range. A wide distribution of scale heights illuminates the complexity of penumbral and plage magnetic fields, as opposed to the umbral magnetic structure, which appears simpler and more monolithic. For umbrae, our calculations give scale heights generally less than 10-20 Mm, with a median scale height $6.6 Mm, although there are several instances of umbral locations with scale heights greater than 20 Mm. The error bars indicate large uncertainties in these cases, most likely because of the difficulty in measuring B and its components in umbrae. Large error bars are also obtained in the penumbrae. As a result, some caution should be exercised when considering the values of the scale height, although its qualitative behavior should not be affected by the error bars. For the penumbrae of sunspots A, B, and C and for the plage D the scale height increases substantially, to reach or even exceed 200 Mm in some cases. The median values of the scale height are $9.7 and $4.3 Mm for the penumbrae and the plage, respectively. It is noteworthy that the scale height distribution in the plage is centered at very small values, despite the large dispersion. Our median scale heights are shifted toward slightly higher values compared to those of Leka & Metcalf (2003) .
SUMMARY AND DISCUSSION
We introduce a new, semianalytical technique to resolve the -ambiguity inherent in solar vector magnetic field measurements. Our structure minimization method seeks to reduce the complexity of the measured magnetic fields by minimizing the inhomogeneities across the magnetic field lines. Moreover, it introduces several innovative features: First, it does not rely on potential or linear force-free extrapolations to obtain an initial guess for the azimuth. Second, it relies on derivatives of unambiguous quantities. The only derivative used in the calculations is that of the magnetic field strength. Third, it resolves the -ambiguity in two steps: it provides a local solution first, eliminating interpixel dependencies, and then it proceeds to a global azimuth solution. The requirement for field-aligned currents and the problem of interpixel dependencies are central issues for practically every other ambiguity resolution technique. Our local solution is obtained analytically, using a suitable structure minimization function. This function is obtained by means of physical and geometrical arguments. The global solution is obtained numerically, using a Jacobi relaxation process and a pattern recognition filter with variable width. The numerical part addresses the problems of the smoothness of the resulting magnetic field vector and of the removal of noise from the local solution. Noise (viewed here as a random mixing of the two azimuth solutions) and localized inconsistencies are expected because the local solution is analytical and hence susceptible to various errors in the measurements and the calculations. Nevertheless, we have shown that the local solution is quite reliable, so the convergence to the global solution is fast and stable. The methodology of the structure minimization technique reduces the total computing time to only a small fraction of the time required by the energy minimization method of Metcalf (1994) . For IVM magnetograms the typical computing time of 10-20 minutes for the structure minimization algorithm is to be compared with a computing time of 1 to a few hours for Notes.-Spearman rank correlation coefficients between the minimum structure and the minimum energy solutions for the active regions discussed in x 3. We compare the vertical component of the magnetic field curl and the horizontal field divergence. Various -thresholds have been used. The mean values correspond to an average of the correlation coefficients between 2 and 10 . In the first two lines of each section we perform two tests, namely, a comparison of Metcalf's minimum energy solution with the observed (unresolved) magnetic fields (test 1) and with the final solution using a potential initial guess (test 2) at a 3 threshold. Here 1 corresponds to a measured longitudinal field of 20 G and a measured transverse field of 40 G. the simulated annealing. Despite the significant difference in computing time, the agreement between the minimum structure and the minimum energy solutions varies from good to excellent for every tested active region.
The structure minimization function F (eq. [6]), which provides the local azimuth solution, consists of two terms: the vertical component of the inhomogeneity current density (eq. [3]) and an expression for the vertical field gradient (eq. [5] ). This gradient ð@B=@zÞ 0 is obtained under the requirement for a minimum magnitude HB Â Â Âb of the inhomogeneity current density (eq. [2]). On the active region photosphere, the magnetic fields are structured into intense flux tubes separated by field-free regions. At the surface of these flux tubes the cross field HB is expected to be large, giving rise to large inhomogeneity currents. As a result, one expects a correspondence between the inhomogeneity current J s and a surface sheath current, wrapped around flux tubes (Pizzo 1986; Ding et al. 1987; McClymont, Jiao, & Mikić 1997) . The assumption of minimum cross field inhomogeneities points to an assumption of minimum sheath currents and hence allows the magnetic field vector to become as space-filling as possible. On the other hand, the helical current density BH Â Â Âb in equation (2) relates to the twist of the magnetic field lines, and hence it can be distributed through the tube. The helical current J v is thus a volume current flowing within flux tubes.
The vertical field gradient ð@B=@zÞ 0 , calculated for minimum inhomogeneity currents, has another interesting property: it corresponds exactly to the actual vertical field gradient in the case of nonradial axisymmetric force-free magnetic fields. In other words, axisymmetric force-free fields incur minimum inhomogeneity currents (J s ¼ J s min ). To illustrate this, we calculate in Appendix B the inhomogeneity current density in the case of two well-known axisymmetric force-free solutions: the Gold-Hoyle solution (Gold & Hoyle 1960 ) and the Lundquist solution (Lundquist 1951) . We find that J s ¼ J s min in both cases, and hence @B=@z ¼ ð@B=@zÞ 0 . Therefore, ð@B=@zÞ 0 describes simple magnetic configurations that exhibit axial symmetry and force-freeness. The linearity of the force-free solution does not appear to be a prerequisite for @B=@z ¼ ð@B=@zÞ 0 (the Gold-Hoyle solution is a nonlinear force-free solution with uniform twist).
The assumption of a negative ð@B=@zÞ 0 in sunspots reproduces the expected radial sunspot magnetic field remarkably well. This is probably because a sunspot has the largest magnetic filling factor (nearly space-filling magnetic fields and hence minimum inhomogeneity/sheath currents) compared to any other realistic solar magnetic structure. In sunspots the shear is generally small and the reduced vertical field gradient is generally negative. It is worth noting that the assumption of a decreasing vertical gradient of B has already been considered in previous ambiguity resolution methods . The derivative was calculated differently in that case, however, using derivatives of ambiguous quantities and under the explicit requirement for force-free magnetic fields. While ð@B=@zÞ 0 reproduces the correct azimuths in sunspots, the vertical component J s z of the inhomogeneity current density J s (J s ? B) is essential in reproducing the correct azimuth in plages. Plage magnetic fields are known to be almost vertical (zenith angle $10 or less), so J s should be almost purely horizontal in plages. This further implies that J s z ' 0 in plages, so seeking a minimum J s z j j proves quite effective.
Seeking ð@B=@zÞ 0 < 0 in sunspots and a minimum J s z j j in plages presupposes that the structure minimization function F is able to discriminate between sunspot and plage magnetic fields. This is accomplished by means of two ambiguity-free weighting factors: ! s and ! g ¼ 1 À ! s , respectively (eq. [7] ). We calculate these weighting factors using the continuum intensity information, or the inferred brightness temperatures, where various effects, such as limb darkening, have been accounted for and removed. The normalized continuum intensity or the normalized brightness temperature provides directly the values of ! s and thus automatically determines ! g . In sunspot umbrae ! g ' 1 and ! s ' 0, so in practice ð@B=@zÞ 0 alone determines F . For penumbrae and canopy areas ! g and ! s may be comparable, so we pursue both a negative ð@B=@zÞ 0 and a minimum J s z j j at the same time. In plages ! g ' 0 and ! s ' 1, so F is effectively determined by J s z j j alone. The probability for an erroneous local solution increases when ! g and ! s are comparable; the numerical processes that smooth the local solution play an important role in this case. Structure minimization is equally effective for active regions located both close to and far from disk center, as shown with AR 8594 in x 3.2.4. Similar active regions, which are severely off-center, were often excluded from analyses because of their location. The structure minimization method breaks down only when the image plane is severely affected by the heliographic coordinate transformation and hence unrealistically large heliographic grids are obtained. These extreme cases cannot be treated by any existing azimuth resolution technique.
The resulting vertical current density maps, shown in Figure 10 , appear to capture the electric current signatures of solar active regions. The current signature of the sunspot radial magnetic field vectors is easily discernible, whereas plages exhibit a very smooth, almost vanishing, vertical current pattern, disrupted only by the distinct, bubble-like, current patterns of the azimuth centers. Moreover, the assumption of minimum inhomogeneity currents leads to the calculation of an approximate ambiguity-free vertical gradient @B=@z (eq. [8]), which provides an insight on the variation of the magnetic field strength with height, and gives rise to an estimation of the magnetic scale height. We briefly address these issues since, to our knowledge, this is the first time the height variation of the magnetic fields is studied by means of an analytically calculated vertical gradient and when only the photospheric magnetic field vector is available. To provide a reference context, we compare our results with those of Leka & Metcalf (2003) , who utilized both chromospheric and photospheric observations. We agree qualitatively with Leka & Metcalf (2003) in that (i) the trend of the magnetic field is to decrease with height, (ii) this decrease is most conspicuous in the sunspot umbrae, and (iii) there is an extremely wide magnetic scale height distribution in penumbrae and plages, as opposed to a narrow scale height distribution in umbrae. Because of a number of differences and incompatibilities between our test and the study of Leka & Metcalf (2003) , detailed in x 3.3.2, we do not pursue further comparison, keeping the qualitative agreement as a measure of the reliability of our calculated @B=@z.
In summary, the minimum structure solution stems from a reliable, physically well-understood, ambiguity resolution technique. Its effectiveness stands in line with its computational simplicity and speed. Our aim is to provide an ambiguity resolution technique that can automatically process vector magnetograms on a near real-time basis. Within the context of the structure minimization method, it is the first time that such a task becomes tractable.
Despite the agreement between the minimum structure and the minimum energy solutions, the two techniques never yield identical results. This is the case for any given pair of ambiguity resolution methods. As explained in x 1, this is because the resolution of the -ambiguity is an ill-defined problem. Despite efforts, we are forced to conclude that any ambiguity resolution technique may result in erroneous azimuth solutions, hopefully in just a small number of isolated cases and only for weak magnetic fields or highly ''pathological,'' magnetic configurations. Comparing the results of two methods that disagree in a number of cases and with the correct answer unknown, how can one argue in favor of one or the other method? Apart from cases in which a selected azimuth solution is profoundly counterintuitive, there is no straightforward answer to the above question. Even in case the two solutions agree, one cannot be absolutely confident that the correct solution of the -ambiguity has been found. As also emphasized in x 1, the -ambiguity will be definitively solved only by means of magnetic field measurements taken at a succession of different heights in the solar atmosphere. This will allow the measurement of the unknown vertical gradients of the magnetic field components, thus enabling the application of the divergenceless condition and the calculation of the full electric current density vector without restrictive (and often simplistic or unrealistic) assumptions. However, chromospheric and coronal vector magnetography is still at very preliminary stages, although several promising directions for research have been suggested and the associated problems and errors in the measurements of solar magnetic fields have been highlighted (see, e.g., Klimchuk & Canfield 1994) . Attempts to obtain chromospheric vector magnetograms include, for example, polarimetric measurements at the Na i 5896 Å line (Metcalf et al. 1995; Leka & Metcalf 2003 ) and at the infrared He i 10830 Å line (Lin, Penn, & Kuhn 1998) . Until simultaneous photospheric and chromospheric vector magnetograms are routinely acquired, however, one will have to rely on ambiguity resolution techniques such as structure minimization, in order to resolve the -ambiguity.
The -ambiguity presents a serious obstacle in efficiently processing the existing wealth of solar active region photospheric vector magnetograms. The ambiguity has been resolved only for selected cases. However, the study of various aspects of solar activity, such as the electric currents, the emergence and disappearance of magnetic flux, and the calculation of magnetic helicity and its transport through the photospheric boundary, requires an accurate knowledge of the photospheric magnetic field vector, ideally in a series of highcadence magnetograms. The structure minimization technique may expedite the study of solar magnetic fields either in existing databases, such as the one produced by the IVM, or in future ground-based and space-borne projects, such as the Synoptic Optical Long-Term Investigations of the Sun (SOLIS; Keller et al. 1998) and Solar-B (Antiochos et al. 1997) , respectively. Since it is fast and fully automatic, structure minimization may be also integrated into algorithms designed to deliver real-time results, for instance, results used for space weather forecasting and flare prediction.
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APPENDIX A AN AMBIGUITY-FREE EXPRESSION OF THE VERTICAL GRADIENT @B=@z OF THE MAGNETIC FIELD STRENGTH
Let us consider the magnitude of the inhomogeneity electric current density J s , namely, J s ¼ c=4 ð Þ ðHBÞ Â Â Âb (eq.
[2]). Solving this equation for @B=@z without requiring a minimum magnitude for J s gives
